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AS DETERPllINED FROM COMPONENT PERFCR"CE CEARACTEXISTICS 
I11 - EZTECT OF TURBIEIE STATOR ADJITST" 
By Harold E. Rohlik and John J. Rebeske, Jr. 
An analytical  investigation was made t o  determine  from component 
r;' w characterist ics of a typical  high-pressure-ratio  single-spool  turbojet 
cl engtne.  Turbine stator  odjutment w a s  adequate t o  permit engine  apera- 
performance the ef fec t  of turbine  stator adjustment on the acceleration 
tion in the intermediate-speed range, but w&6 less   sat isfactory  than 
the re la t ive ly  simple schemes of compressor-interstage and -outlet bleed. 
IIERODUCTION 
Studies of turbojet  engine requirements f o r  flight i n  the tran- 
sonic range have revealed that a turbojet  engine best   suited f o r  such 
f l i g h t  would have a compcessor pressure r a t i o  of about 7 t o  10 and a 
turbine-inlet temperature of about 2000' t o  2300° R (ref.  1). However, 
when a single-spool axid-flow coqres8or i s  used i n  this pressure-ratio 
range, it may have poor off  -design performance, par t icular ly  i n  the lm- 
speed range (50 t o  70 percent of design). In this low-speed range, the 
inlet  stages  operate in a low-efficiency high-angle-of-attack region and 
the outlet  stages operate in a law-efficiency low-angle-of-attack region 
(ref .  2 ) .  
Equilibrium operation of an engine of this  type w i t h  several 
exhaust-nozzle areas is described in reference 3. This reference shows 
that, in the intermediate-speed range (70 t o  85 percent of design) , e l l  
equilibrium operating lines of this pa r t i cu la r  engine enter the com- 
pressor surge region and the compressor ~311 not accelerate through this 
region. Therefore, the component performance of the compressor and tur- 
bine, or the matching of these components, or both, must be altered t o  
permit acceleration. 
- 
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Several means of improving the acceleration characteristics of 
such engines are compressor-outlet bleed, compressor-interstage bleed, 
adjustable compressor-inlet guide vanes and s ta tor  blades, and ad- 
justable turbine stators.  An investigation is being conducted a t  the 
NACA Lewis laboratory  to  evaluate the r e l a t i v e  merits of such means fo r  
improving the acceleration.  characteristics of high-prqssure-ratio single- 
spool  turbo jet engines. 
. 
t 
Compressor-outlet bleed,. compressor-interstage bleed, and combi- 
nations thereof are reported in references 4 and 5. Reference 4 shows 
tha t  reasonable amounts of compressor-outlet bleed allowed high 
turbine-inlet temperatures during acceleration, and that the accelera- 
t ion path should be as close to the surge region as i s  practical .  Ref- 
erence 5 reports tha t  constant-area interstage bleed, properly Located, 
gave smaller acceleration times than variable-area compressor-outlet 
bleed. Acceleration times achieved with variable-area compressor-outlet 
bleed and constant-area interstage bleed w e r e  5.5 and 3.0 seconds, re- 
spectively, for surge-line operation. In the law-speed range of the 
fixed-geometry engine, tTbine.-inlet  temperatures were. limited t o  rela- 
t i ve ly  law values  by the flow-handling capacity of the turbine and the 
combination of re la t ive ly  high weight flow and .low turbine-inle-i;  pressure 
provided by the coqressor. In the intermediate-speed range, near the 
knee i n  the compressor surge line, the turbine-inlet temperature was  
limited t o  values which were too low t o  provide sufficient torque t o  
drive the compressor. Adjusting the turbine stators to increase the 
throat areas permits larger equivalent weight flows and therefore higher 
in le t  t eqera tures .  This, in turn, increases the turbine torque if 
losses are not too large and improves the acceleration characterist ics 
of the engine. 
. 
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The purpose of this analysis is t o  evaluate turbine stator adjust- 
ment as a means of improving engine acceleration, Several combinations 
and degrees of s ta tor  adjustment are compared w i t h  r e spec t   t o  improved 
acceleration  characteristics and mechanical simplicity. 
Idealized  Stator Adjustment 
Determination of the  potential  improvement in acceleration charac- 
teristics af the engine under consideration by means of s ta tor  adjust- 
ment required a preliminary investigation. The effectiveness of turbine 
s ta tor  adjustment as a means of improving engine acceleration may be 
measured i n  terms of the time interval  required  to  accelerate from idle  
t o  design speed. Therefore, i n  approaching the stator-adjustment prob- 
l e m ,  acceleration time and required flow increases were calculated for 
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an idealized stator-adjustmnt case that couldbe compared,with pre- 
viously established  acceleration times obtained with coqressor- 
interstage and -out le t  bleed. 
This idealized case was optimistic in that the specifications in- 
cluded surge-line operation of the compressor, constant turbine-inlet 
temperature of 25000 R (arbi t rar i ly   specif ied as the maximum allowable 
for short periods of time), and no bleed. For acceleration along the 
compressor surge line, reference 4 shows that, with design compressor 
and turbine geometry, the flow-handling capac€ty of the turbine necessi- 
tated compressor-outlet bleed i n  order t6 maintain a turbine-inlet tem- 
perature of 2500° R up t o  88 percent of design speed. It w a s  assumed, 
i n  this p re lh ina ry  analysis, that the idealized stator adjustment per- 
mits the  turbine t o  swallow the t o t a l  compressor weight flow a t  a tem- 
perature o f  -25080 R up t o  a compressor speed of about 88 percent of 
design, at which speed design turbine geometry s a t i s f i e s  th i s  condition 
and adjustment is no longer necessary. Turbine eff ic iencies  were 
assumed to be the same as those for the similar accelerat ion  in   refer-  
ence 4. An exhaust-nozzle area of 600 square inches, which WFLS speci- 
f i e d  as  the maximum allowable, was held  constant  in  order t o  maximize 
turbine output. This acceleration path is indicated i n  figure 1 by the 
heavy l ine.  
Measured component performance (figs.  1 t o  3) w i t h  design geometry 
was used to calculate acceleration time for  2500' R operation. The mode 
of operation considered was the same 88 that f o r  the variable-area 
compressor-outlet bleed case of reference 4 ,  except that turbine trkque 
at each speed w a s  increased i n  direct  proportion t o  the increase in 
turbine w e i g h t  flow made possible by the  ideal ized  s ta tor  adjustment. 
The time required  for  acceleration may be determined from the 
following equation: 
s I - 25( 60 - 2x 60 
The graphical solution of equation (1) is presented -Ln figure 4, 
which shows a t o t a l  acceleration time of 3 seconds for the idealized 
case of stator ad3ustment. This acceleration time compares favorably 
w i t h  those of references 4 and 5. Figure 5 shows the increase in 
turbine-inlet equivalent weight flow necessary t o  achieve this acceler- 
a t i o n  t h e .  This calculation shows an optimistic limit of flqproved 
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engine acceleration that might be reached w i t h  s t a to r  adjustment and a 
range of turbine-inlet equivalent flow iecreases to-be considered. 
Although the idealized s ta tor  adjustment resulted i n  a sat isfactory 
acceleration time, the actual weight-flow increases, turbine efficien- 
cies,  and hence acceleration times are functions of turbine geometry and 
internal  flow conditions. Therefore, a m e  complete analysis w a s  made 
taking these factors into consideration. 
0 
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Acceleration  Characteristics  as Determined from Estimated 
Turbine Stage Performance 
Turbine internal  flow. - The changes i n  internal flow effected by 
turbine  stator adjustment i n  a multistage turbine depend on the manner 
i n  which the s ta tors  are adjusted as w e l l  RS the i n i t i a l  flow condi- 
t ions.  These changes are  complex i n  nature because o f t h e  number of 
var iables  in  the flow that are affected by stator adjustment. In ob- 
taining an understanding of these changes, it is  convenient t o  consider 
the general behavior of a turbine operating under conditions representa- 
t i v e  of those encountered in accelerating this particular engine. A t  
the knee i n  the compressor surge l ine,  st approximately 80 percent of 
compressor design speed, flow throughout the turbine and exhaust nozzle 
is subsonic, with pressure ratios of the three turbine stages approxi- 
mately equal. With compressor operation fixed at this  point ,  the  
turbine-inlet equivalent weight flow i s  increased by opening one or 
more rows of stator blades and increasing turbine-inlet temperature. 
With compressor operation, and hence mechanical speed, fixed, the i n -  
crease in turbine torque associated with the increase in turbine-inlet 
temperature results i n  a greater acceleration rate a t  this speed. The 
turbine-outlet equivalent weight flow will increase a t  a somewhat slower 
rate than the inlet f l o w ,  and the turbine pressure ratio w i l l  decrease 
slightly.  These variations are shown i n  figures 6 and 7, where changes 
in turbine-outlet equivalent flow and in  turbine pressure r a t io   a r e  
plotted against turbine-inlet-flow change f o r  this operation. The effect  
of turbine efficiency on these parameters i s  slight, one of the curves 
representing a constant turbine efficiency of 0.85 and the  other a pro- 
gressive decrease from an i n f t i a l  value of 0.85 t o  a value of 0.60 at 
an inlet equivalent flow increase of 42 percent. In these figures, the 
turbine pressure ratio is  specified by the constant value of turbine- 
inlet   to ta l   pressure and by the  turbine-outlet  total  pressure  required 
to   sa t i s fy   cont inui ty  through the exhaust nozzle with atmospheric pres- 
sure at the exhaust-nozzle out le t .  
The two methods of s ta tor  ad3ustrnen-t under consideration are the 
simultaneous adJustment of a l l   t h ree   s t ages  and the adjustment of the 
f i rs t -s tage s ta tor  only. Each stage,  in the case of three-stage 
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i n l e t  and outlet equivalent w e i g h t  flows increase. A s  the  s ta tors  a re  
opened, throat area is  increased and turning is decreased. This re- 
sults i n  a progressive unloading of the stator row w i t h  a decrease i n  
the tangential  component of velocity leaving the stator, and an increase 
i n  t o t a l  pressure and hence Mach  number r e h t i v e  t o  the rotor.  As the 
stator loading decreases under these conditions, ro tor  flow conditions 
become more c r i t i c a l  with relat ive  veloci t ies  becoming sonic and then 
approaching the limiting loading condition. Stage efficiency necessarily 
changes during stator addustmnt because of the  changes in  rotor  inci-  
dence angles and stage outlet whirl. Whether the change is positive or 
negative a t  the outset  depends, of course, upon the  re lat ion of the 
i n i t i a l  flow angles t o  the design angles. In either case, the effi- 
ciency decreases as the stator adjustment brings the r o t o r  t o  limiting 
loading. 
Adjustment of the first-stage stator only also results i n  an in- . crease i n  flow-handling capacity of the turbine. As the  f i r s t - s tage  
stator flow area i s  increased t o  permit greater equivalent w e i g h t  flows, . the  f irst-stage  pressure r a t i o  decreases somewhat, while  the secona- 
and third-stage pressure ratios increase. Since the second and third 
stages are not choked, this  increase in  second- and third-stage pres- 
sure r a t i o ,  coupled with the f a c t  that equivalent speed decreases with 
an increase i n  temperature, means that these stages can now pass greater 
equivalent weLght  flows. As w i t h  three-stage adjuatment, losses in each 
stage change because of the change in operating conditions of each 
stage. The direction and magnitude of the changes in  losses  and ef f i -  
ciency again depend upon the proximity of the  ini t ia l   operat ion t o  de- 
sign operation, w f t h  an efficiency loss a t  extreme adjustments. 
As the turbine stators are opened t o  increase flow capacity with 
the compressor operating point fixed, turbine torque increases w i t h  in- 
l e t  temperature t o  the pofnt at which further gains i n  temperature are 
offset  by the increase in losses. Beyond this point, of course, tur- 
bine torque decreases. 
Estimated turbine stage performance. - Performance of each of the 
three turbine stages was  estimated w i t h  a simplified one-dimensional 
analysis  for a range of speeds, pressure ratios , ana stator adjustments. 
The ranges of turbine parameters considered in   the  analysis  were speed, 
from 50 t o  130 percent of design; pressure r a t i o ,  from 1.1 t o  about 1.9 
i n   t he  f i r s t  and second stages, and from 1 . 1 t o  limiting-loading in the 
third stage; and turbine s t a t o r  adjustments, from design setting t o  12' 
open. This method of performance estimation employed empirical loss 
bine operating at design speed and work. It w a s  assumed that these co- 
e f f ic ien ts  w e r e  applicable over the complete ranges of operation and 
stator adjustment. Losses considered were llmited t o  the viscoue losses 
- coefficients  obtained f rom detailed survey data from the  original tur- 
c 
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i n  each b h d e  row, which are associated w i t h  the leve l  of internal  
flow velocit ies,  rotor incidence-angle losses, and stage outlet  whirl 
losses. Symbols and methods of estimating losses and other internal- 
flow phenomena are given i n  appendixes A and €3, respectively. 
Calculated stage performance w&s plo t ted   in  terms of i n l e t  equiva- 
len t  weight flow, equivalent torque, and temerature  ra t io .  Examples 
of each are shown i n  figure 8, which represents third-stage performance 
with design stator setting. 
Evaluation of s ta tor  adjustment. - Figure 4 shows that turbine 
torque available for acceleration, and therefore the r a t e  of accelera- 
t ion,  i s  lowest at 50-percent design speed. This m e a n s  that accelera- 
t i on  times for  speed increments are la rges t  in  this range. However, 
f igure 5 shows that 80-percent design speed is  most c r i t i c a l   i n  terms 
of turbine flow-handling capacity. A t  this speed, turbine stator ad- 
justment m u s t  permit equivalent-flow increases up t o  35 percent i n  
order t o  u t i l i z e  a turbine-inlet temperature of  2500' R. The 50- and 
80-percent-speed points on the coppressor surge line, then, were chosen 
as the operating points a t  which various degrees and conbinations of 
s ta tor  ad3uetment were t o  be compared. A t  each compressor operating 
point, the actual w e i g h t  flow, ava i lab le  pressure  ratio,  and mechanical 
speed were specified by the compressor operating characterist ics.  
Turbine-inlet temperature, and thus turbine torque, was then determined 
by consideration of continuity through each turbine stage and the ex- 
haust nozzle. In  calculating thqacceleration times, f t  was assumed 
that U C A  standard sea-level conditions existed a t  the compressor in- 
let ,  and that  t ransient  component characterist ics were the same as the 
steady-state condftions. In  addition, the f o l l d n g  assumptions w e r e  
made : 
Combustor total-pressure ratio,  pj/p; . . . . . . . . . . . . . .  0.97 
Fuel-air   ratio,  wf/wc . . . . . . . . . . . . . . . . . . . . . .  0.02 
Leakage between compressor and turbine, wz/wc . . . . . . . . . .  0.02 
Torque to  drive  accessories, ra, ft-lb . . . . . . . . . . . . .  3.0 
Exhaust-nozzle area, %, sq in. . . . . . . . . . . . . . . . .  600 
Stagnation  pressure loss  i n  t a i l  pipe,  lb/sq f t  . . . . . . . . .  0 
The mode  of operation we.s as follows: Acceleration began with the 
compressor operating a t  50-percent deslgn speed a t  surge, w i t h  the first 
or  all three turbine stators open and the exhaust nozzle open t o  Its 
maxim area of 600 square inches. Operation proceeded along the c m -  
pressor surge line with tu rb ine - i ae t  temperature varylng continuously 
t o  satisfy  continuity through the turbine and exhaust nozzle unt i l   the  
speed was  a t t a ined   a t  which the turbine-inlet temperature reached the 
maximum allowable value of 2500° €3. Operation then followed the line 
or 
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defined by this turbine geonetry and a constant Ti of 25000 R t o  a 
speed at which design  turbine geometry permitted  operation of the com- 
pressor at a pressure r a t i o  below surge and at a Ti of 25000 R. A t  
t h i s  speed, the f i r s t  or a l l  three  turbine stators were returned  to  
their design position, and acceleration continued along the  l ine  speci-  
f i e d  by design geometry ana Ti of 25000 R t o  compressor design speed. 
I 
w These paths of operation are shown as the heavy l ines   i n   f i gu re  9. 
co. w 
0 Results of these calculations, within the limits of accuracy of 
the stage-performance prediction method, provide a comparison between 
the  adjustable-stator method and the methOas of references 4 and 5 f o r  
improving the acceleration characteqistics of this high-pressure-ratio 
single-spool turbojet engine. 
P RFSULTS AND DISCUSSIC?? 
Increase i n  Flow-Handling Capacity 
1 
Figure 5 shows that the turbine s ta tor  adjustment most desirable 
with respect   to  engine acceleration should permit increases as great as 
35 percent i n  equivalent w e i g h t  flow w i t h  no loss i n  efficiency. The 
increase  in  turbine  equivalent weight flow made possible  by  stator ad- 
justment a t  a given speed depends won the   i n i t i a l   s t a to r -  and rotor-  
throat  Msch nuribera, the stator-outlet angle (which determines the rate 
of change of area w i t h  adjustment), and the change in   in te rna l  loss a s  
the stators are opened. The initial turbine operating condition as 
well as the   in i t ia l   tu rb ine  geometry, then, determine the potentiali- 
ties of turbine stator adjustment fo r  any given situation. The magni- 
tudes of turbine-inlet equivalent flow fncreases possible f o r  a range 
of engine operating conditions, including fixed compressor operation, 
are presented in  reference 6, i n  which aperation is considered wherein 
one or  more blade rows are choked. 
The increases in stator-throat area calculated for the s ta tor  ad- 
justment of 12O were 42 percent in   the  ffrst stage, 31 percent in the 
second stage, and 24 percent i n  the third stage. Estimated performance 
shows that  increases  in  the  equivalent weight flow were i n  every case 
considerably smaller than those in  the  s ta tor - throa t  area. The effect  
of stator adjustment on equivalent weight flow in   t he  f i r s t  stage is 
presented in   f igure  10 f o r  three equivalent speeds and a constant stage 
pressure r a t i o  of 1.5. An increase in stator-throat area of 40 percent 
at 90 percent of design equivalent speed results i n  a gain of only  20 
percent in equivalent w e i g h t  flow. Limitations imposed by the ro tor -  
throat  area and internal  losses keep the flow increase t o  a r e l a t ive ly  
. 
c low value. 
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Comparison of Stator-Adjustment Combinations 
Idle speed and the knee i n  the surge l i ne  pre-sent the greatest 
problems i n  surge-line operation through the low- and intermediate- 
speed range. Idle speed is c r i t i c a l   i n  that the torque available fo r  
acceleration and, hence, the acceleration rates are smallest here, even 
in the idealized case; while, at the  knee in   t he  compressor surge line, 
matching characterist ics of the unmodified engine a r e  such that the 
t u r b i n e - i n l e t   t q e r a t u r e  is limited t o  va lues  too low t o  provide 8uffi- 
cient torque for driving the compressor. 
In order t o  evaluate s ta tor  adaustment i n  the range of adjustment 
considered, coqressor operation a t  these points w a s  specified, and 
turbine torque was calculated f o r  the following five combinations of 
s ta tor  ad3ustment : 
Conibination 
1 (design) 
2 
3 
4 
5 
First-stage 
adjustment, adjustment, 
Second-stage 
de@; 
0 
6 
0 
0 12 
0 6 .. 
12 12 
6 
0 
M 
N to 
Calculations were made f o r  an exhaust-nozzle area of 600 square inches. 
Figure 11 shows turbine-inlet equivalent weight flow, turbine pressure 
ratio, turbine efficiency, and turbine equivalent speed plqtted against 
s ta tor  adjustment for the t w o  methods of adJwtment at 80-percent com- 
pressor design syeed. The dashed portions are extrapolated. 
In  order  to  estimate the trends of the torque cwvee at s ta tor  ad- 
justments larger than those calculated, extrapolated values from figure 
11 were used to calculate turbine torque values in the adjustment range 
beyond 12O. Figure 1 2  shows the variation of turbine torque with s ta tor  
adjustment. The dashed portions represent va lues  calculated from the 
extrapolated values of figure 11. For three-stage adjustment, the max- 
hum value of equivalent turbine torque, about 3530 foot-pounds, occurs 
at a s ta tor  adjustment of apprqximately loo. The first-stage adjustment 
a t  which torque i s  maximized i s  approximately 14O, and the peak value is 
about 3400 foot-pounds. A t  80 percent of compressor design speed, the 
torque required to drive the compressor i s  3117 foot-pound$. Therefore, 
although the turbine torque resulting from three-stage adjustment is 
only 4 percent greater than that obtained w i t h  first-stage  aajustment, 
the net difference available fcir acceleration i s  about 46 percent greater. 
. 
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The variations of turbine-inlet equivalent weight flaw, turbine .. 
pressure ratio,  turbine efficiency, and turbine equivalent speed with 
stator adjustment at 50-percent or idle speed are shown i n  f igure 13. 
The dashed portions are extrapolated. Figure 14 presents the correspond- 
ing variation in turbine torque, the dashed portions representiug values 
calculated from extrapolated values of figure 13. A t  id le  speed, tbree- 
stage adjustment provides the maximum torque, about 2300 foot-pounds, 
at a sett ing of 12O. First-stage stator adjustment i s  slightly l e s s  
effective, reaching a peak torque value of 2200 foot-pounds a t  a s ta tor  
ment i s  s l ight ly   larger  (5 percent) than that obtained with first-stage 
adjustment. Required compressor torque at idle speed is 1930 foot- 
pounds, however, which means that three-stage adjustment provided 37 
percent more torque for acceleration. 
N 
0 4  
w 
0 adjustment of about 14O. The torque  obtained with three-stage  adJust- 
Acceleration T i m  
8 
Acceleration times were calculated for colnbinations 3 and 5. Com- 
bination 5 ( f i r s t   s t a t o r  opened 12O) was selected because of the greater 
des i rab i l i ty  of single-stage adjustment, and coznbination 3 (all s ta tors  
opened Bo) because it  provided maximum or  very nearly maximum torque 
a t  t he  two speeds considered. The graphical integration f o r  accelera- 
t i on  time (9.6 sec) w i t h  conibimtion 5 FS shown i n  figure 15(a),  and 
that w i t h  conibination 3 (7.0 sec) i s  sham i n  figure 15(b). Although 
these times are unrealist ic,  inasmuch as surge-lfne operatfon is  un- 
realist ic,   they  provide a basis f o r  comparison among the various methods 
considered f o r  improving acceleration characteristics. These accelera- 
t i o n  times of 9.6 and 7.0 seconds are considerably greater than the 
3.0 seconds obtained w i t h  the idealized calculation, because large gains 
in turbine-inlet  equivalent flow were not obtained at high  efficiencies. 
Consequently, for  the Ethods  of s ta tor  adjustment selected, turbine- 
i n l e t  temperature was l h i t ed  to   r e l a t ive ly  low values through most of 
the speed  range. The calculated values of Ti are plotted against per- 
cent of compressor design speed i n  figure 16. 
T 81 
The acceleration times calculated f o r  surge-line operation with 
adjustable turbine statars are compared i n  figure 17 w i t h  acceleration 
times calculated f o r  surge-line operation with outlet  bleed and in te r -  
stage bleed, which were reported in references 4 and 5. This figure 
shows that acceleration times as l o w  as 3.0 seconds were obtained with 
the  re la t ively simple constant-area interstage ljleed at the  out le t  o,f 
the Zth compressor stage. Reference 5 a l s o  presents acceleration times 
calculated for operation at pressure ratios below surge with the same 
interstage bleed. Operation along a l i n e  a t  96 percent of surge pres-  
sure  ra t io  resul ted i n  an acceleration time of about 4.3 seconds. Ac- 
greater than 9.6 eeconde with first-stage stator adjustment, end greater 
than 7.0 seconds w i t h  three-stage adjustment. 
- 
a celeration tlmes f o r  operation at pressure ratios below surge would be 
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From an  analytical  investigation made t o  determine the  effect  of 
turbine stator adjustment on the acceleration characteristics of a 
typical high-pressure-ratio single-spool turbojet engine, the following 
resu l t s  were obtained: 
1. Estimated turbine performance showed that acceleration of the 
engine through the low- and intermediate-speed range can be achieved 
with adjustable turbine stators. 
2. Among the-cases  considered at the knee in  the  compressor surge 
l ine  at about 80 percent of design speed, maximum torque obtainable 
with three-stage turbine stator adjustment was approximately 4 percent 
greater than  the maximum obtainable with f i rs t -s tage  s ta tor  adjustment 
only. The increment of torque i n  excess of compressor torque and 
therefore available for acceleration was approximately 46 percent great- 
er. A t  idle speed, three-stage.stator adjustment provided a m a x i m u m  
torque 5 percent great- .than the maximumobtainable with  f irst-stage 
adjustment only. The torque available for acceleration was about 37 
percent greater. . .  . ... 
3. Acceleration times of 9.6 and 7.0 seconds were calculated for 
first-stage and three-stage stator settings of 1 2 O  fromthe design set- 
t fng through the low- and intermediate-speed range and surge-line com- 
pressor operation. A time of 3.0 seconds was obtained for constsnt- 
area compressor-interstage bleed. 
4. For all cases considered, increases in equfvalent w e i g h t  flow 
were smaller than the corresponding increases in stator-throat area, 
par t icular ly   in   the high-speed range and f o r  the larger s ta tor  
adjustments. 
CONCLUSION 
Stator adjustment in the three-stage turbine of the high-pressure- 
ratio single-spool turbojet engine under consideration was  investigated 
as a means of improving acceleration characteristics. Results of this 
investigation showed that tu rb ine  s t a t o r  adjustment is less effective 
i n  terms of t i m e  required to accelerate to design speed than the re la -  
t ive ly  simple schemes of compressor-outlet and -interstage air bleed. 
Therefore, adjustable turbine stators alone are not a sat isfactory so- 
lut ion  to   the problem. 
Lewis Flight Propulsion Laboratory 
National Advisory Committee fo r  Aeronautics 
Cleveland, Ohio, June 7 ,  1954. . .  
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APPENDIX A 
A 
a c r  
C 
C 
P 
.I 
cV 
cu e 
Q Q 
I 
J 
E; 
N 
0 
S 
T 
U 
- V 
W - 
constant  ratio of outlet   tangential   velocity  to  throat  velocity,  {m 
specific heat at constant pressure, Btu/(lb)(%) 
specif ic  heat at constant volume, Btu/(lb)(%) 
blade trailing-edge thlckness, in .  
acceleration due t o  gravity, 32.17 ft/sec2 
polar moment  of iner t ia ,  ( f t -a)(sec2 1 
mechanical equivalent of energy, f t - l b / B t u  
loca l  loss coefficient 
rotat ional  speed, rpm 
throat opening, in. 
pressure, lb/sq f t  
gas constant, ft-lb/(lb)(%) 
blade pitch, in. 
temperature, "R 
wheel speed, ft/sec 
velocity,  f t /sec 
velocity relative t o  rotor, f t / sec  
a 
C 
d 
f 
i 
t 
r 
r o  
r t  
8 
accessories 
compressor 
design 
Fuel 
idle 
leakage 
rotor 
rotor outlet  
rotor throat 
s ta tor  
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w w e i g h t  flow, lb/sec 
B blade in l e t  mean  camber angle, deg 
I' torque, f't-lb 
AI' torque  available for acceleration, rt - (rc + ra), f t - l b  
y r a t i o  of specific  heats, c /c 
6 stagnation  pressure  ratio, p '/po 
7 adiabatic  efficiency 
e stagnation  temperature  ratio, T'/To 
p gas  density,  lb/cu ft 
z time, sec 
w deviation  angle, deg from blade i n l e t  mean  camber angle 
cu war velocity,  radians/sec 
Subscripts: 
P V  K 
0 
&' 
K; 
L 
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w 
N 
0 
w 
Si 
so 
st  
t 
U 
X 
0 
1 
2 
3 
4 
5 
6 
s t a to r  i n l e t  
stator outlet ,  ro to r  inlet 
s t a t  o r  throat 
turbine 
tangential  component 
axial cwonen t  
NACA standard sea-level conditions 
compressor inlet 
compressor out le t  
turbine inlet  
second turbine stage i n l e t  
third turbine s tage  inlet  
exhaust nozzle 
Superscripts: 
I stagnation  condition 
” stagnation  condition  relative t o  rotor  
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APPMDIX B 
S'I!KE-PEKFaRMANcE EE"MTOE PROCEIWRF: 
The procedure employed to estimate turbine stage performance was 
& simplified one-dimensioI1Etl asalysis i n  which it was a a m d  that   the  
internal   losses  were as follows: 
1. Viscous losses  associated with blade prof i le  and wall drag, which 
could be expressed 8s a function of the local   cr i t ical-veloci ty  
r a t i o  and an empirical loss coefficient that w~ts  constant for 
all operation 
N 
M 
2. Rotor incidence losses, which consisted of the   to ta l  of the 
kinet ic  energy associated with the inlet velocity component 
normal to  the blade inlet cmikr  angle 
3. Stage-outlet vhirl losses, which i n  the first and second stages 
consisted of the   t o t a l  of the H n e t i c  energy associated with 
the camponent of the stage-outlet velocity normal to the inlet 
camber angle of the  s ta tor  blades of the second and third 
stages, respectively, and which i n  the  third stage consisted 
of the Hne t i c  energy of the tangential ccmponent of stage- 
outlet  velocity. 
Stage calculatL0ns were , m a d e  for RAGA standard conditions at the 
inlet. The procedure i s  briefly described in the follouing steps, which 
were typical  of all subsonic operation. Operation with one or  both 
blade row8 choked, which was t r e a t e d   i n  .a slightly different .manner, 
No Choking 
Step 1. - 
weight flow is 
Stator- throat   cr i t ical-veloci ty   ra t io  
calculated a s  follows: 
i s  specified, and 
1 
where i s  the stator-throat local loss coefficient. The nozzle- 
out le t   tangent ia l   cr i t ical-veloci ty   ra t io  i s  
Kst 
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C2) 
where C, i s  a constant determFned from s ta tor  geometry. 
Step 2. - Stator-out le t   cr i t ical-veloci ty   ra t io  i s  obtained by 
i terat ion,  and by assuming first  a value of stator-out le t   cr i t ical-  
w 
w c\) velocity ratio and then checking this with the flow  charts of reference 
0 7, the known (V,/a&] and the  approsdmak value of 
based on the assumed (V/a&) so. When the assunaed value of (V/a&) 
and the value read frcm the chart agree, stator-outlet conditions are 
known. 
. 
i 
Step 3. - With a specified &eel speed (u/a&.) r e l a t i v e  t o t a l  
temperature i s  calculated: 
Step 4. - Sta t ic  pressure and temperature a t   the   s ta tor   ou t le t  axe 
calculated by the following equations : 
(&)so = 1 - Y-l(T7 r+l so
Step 5. - Rotor-inlet deviation angle is  calculated by 
U r  = pr - tan V" 
16 W A  RM E54F04 
and  critical-velocity  ratio  by 
Step 6. - Rotor-inlet  relative  total  pressure p:o is  calculated 
with the following equation: 0 3 
M 
Y 
Gtep 8. - Rotor-outlet  tangential  critical-velocity  ratio s 
calculated  by 
and outlet flow pasameter by 
W 1 
(12) 
i n  the s a m e  manner  as fn step 2. 
Step 9. - Rotor-outlet  total  temperature is obtained fram 
NACA FM E54F04 
e 
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Step 10. - Sta t ic  temgerature and pressure at rotor outlet are 
calculated: 
and 
Y 
Step ll. - Deviation angle at rotor  outlet is calculated: 
where Bs is the inlet  angle of the subseqent stator i n  first- and 
second-stage calculations, and is zero in the third-stage calculations. 
Step 12. - With rotor-outlet condftions known, 
stage-outlet total pressure i s  calculated: 
Step 13. - Stage torque i s  calculated: 
6CU~cp(T;ii-T$,~) 
2dN r =  
18 - NACA RM E54304 
Stage pressure ratio, speed, weight flow, torque and stage tem- 
perature  ra t io  are  now known. Bince IYACA standard sea-level conditions 
were assumed at  the  in le t ,  the values  obtained are equivalent values. 
Stator Choking 
When the s ta tor  i s  choked and stator-outlet velocities are super- 
sonic, values of (V/a&)so of 1.0 and greater are specified and the 
weight flow w is the v a l u e  corresponding t o  = 1.0. Stator- 
out le t   axial   cr i t ical-veloci ty   ra t io  i s  obtained f r o m  
and 
With these quantities known, rotor-inlet conditions can be calcu- 
lated &6 in step 3 and calculation can proceed as before. 
Rotor Choking 
With (W/a:r)rt = 1.0, the value of 
is determined. This corresponds to the correct value of 
w 
. 
W A  RM E W 0 4  - - 19 
which is uniquely specified - 
w 
N w 
0 
A- s 
P 
Y -  
V 
w 
value calculations may be repeated from step 1 if the s ta tor  is not 
choked, or by the supersonic stator-outlet calculation if the sta tor  
i s  choked. 
Then, 
2 
ro r o  
i 23) 
With rotor-outlet  cri t ical-velocity ratios known, stage-outlet condi- 
t ions and torque may be calkulated as in   s teps  9 to 12. 
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.om2 
Compressor equivalent speed, N/Nd, percent design 
Figure 4. - Grayhioa l  integration for aooeleration time. Total 
acceleration time, 3 seconds; turblne-inlet temperature, 
2500' R; surge pressure ratio; ccmrpressar weight flow equal 
to turbine weight flow. 
25 
Figure 5. - Increase in turbine-inlet equivalent w e i g h t  flow 
required for conditions of figure 4. 
. - . . . . . . . . .. . . . . . . . . 
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hcreaue in inlet sgudvnlont weight flow, w qh,, percent 
P ig i r e  7 .  - Variation of turblne pressure r a t io  wj th  percelltage increase I n  turbine- inlet  equivalent weight 
flow f o r  compressor operatlon fixed at knee in surge l i n e .  Exhaust-nozzle area, 600 square inches. 
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(2) Inlet equivalent weight flow. 
F l y r e  8. - 'ihird-stage performance with design stator setting. 
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Inorease in atator- throat area, A,t, peroent 
Figure 10. - Variation of increase in turbine firat-stage W e t  equivalent 
weight flou with increase in stator-throat area far three equivalent 
speeds. Turbine stage total-preseure ratio, 1.5. 
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Figure LL. - Contlnud. Variation of turblne paraaaeters with a ta tor  adJuutment for campreseor oparatlon at  
h e e  In surge l i n e .  
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Flgure U. - Concluded. Variation aP turbine pmaaet~s  with s t a t o r  aajustmcnt for compressor operat ion at  
hee in aurge l ine .  
. 
w m 
I 
, . . .  
I 
. . .  . . .  . ,  .. . 3230, 
stator Aullatmt, deg 
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FQpre 13. - V a r i s t l a n  of turbine paremetere with stator adjustment f o r  c a p r e s e a r  operation at idle epee, 
and surge preeeure ratio. 
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(a) First-stage stator adjustment, U0. Total acceleration 
time, 9.6 seconds. 
Figure 15. - Qraghioal integratlcar for aooelaratim at emge 
pressure ratio; maxlrmm tmbine-lnht temprat-, 2500° R. 
. 
45 
Compressor equivalent speed, N/IVd, percent design 
(b) Sta tor  adJustment in all three stages, lZ0. Total 
acceleration time, 7.0 seconds. 
Bigure 15. - Conoluded.  Graphioal integration for accelera- 
tion at surge presmre ratio; maximum turbine-inlet 
temperature, 2500* R. - 
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(a) First-etage stator adjustment, 12'. 
Figure 16. Pariatian of turbine-lnlet temperature with a p e d  
at  surge pressure ratlot mximum turbine-inlet temperature, 
2500' R. 
. 
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Compressor equivalent speed, N/Nd, peroent design 
(b) Stator  adjustment in all three stages, Eo.' 
Figure 16. - Conoluded. Variation of turblne-inlet  temperature 
w i t h  speed at e pressure ratio; mxlmumturbine-Met 
temperature, 
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w i n e  m o d i f i c a t i o n  
Engine modification 
1. Turbine first-stage stator  
2. One-step onmpressor-outlet 
3. T u r b h e  three-stage  stator 
4. Two-step  canpressor-outlet 
5 .  Variable-d;l.ea. cmpressor- 
6 .  C pressor-interstage bleed,  
adjustment 
bleed 
adjustment 
bleed 
outlet bleed 
ZE-stsge outlet 
Figure 17. - Ccmpariaon of acceleration tFmes fnr severd engine 
modifications. Canpressor operation almg surge line; 
maximum turbine-inlet  temperature, 2500’ R; exhaust-nozzle 
area, 600 square inohes. 
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